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Summary

1. Herbivory often changes resource quality for herbivorous insects through induced plant
responses depending on the intensity of damage. We hypothesized that the willow’s response fol-
lowing herbivory affects the entire arthropod community structure on the tree due to changes in
plant quality. To examine this hypothesis, we investigated arthropod communities on three willow
species, Salix gilgiana, Salix eriocarpa and Salix serissaefolia.

2. In our common garden, cuttings were established in 2003 and experimental treatments were
applied in 2005. Damage by a boring caterpillar of a swift moth (Endoclita excrescens) and artificial
cutting of 25% stems were applied as partial herbivory within individual trees, and 100% cutting
of stems was applied to represent severe herbivory to whole individual trees. These treatments stim-
ulated lateral shoot production depending on damage intensity, resulting in full compensation for
biomass loss.

3. Positive relationships were detected between within-tree variation in foliar nitrogen content and
overall abundance/species richness of herbivores. Moth boring and 25% cutting increased herbi-
vore abundance and species richness relative to controls. However, we found no significant differ-
ences in herbivore abundance and species richness between 100% cut and control trees.
Community composition of herbivore species was significantly different between the following
three groups: (i) bored and 25% cut; (i) 100% cut; and (iii) control trees. Changes in community
structure of herbivores were likely due to changes in plant quality depending on the intensity of
damage.

4. Although total predator abundance and species richness were not significantly different among
treatments, community composition of predator species was significantly different among treat-
ments.

5. These results indicate that herbivore-induced willow responses can largely determine the entire
arthropod community structure of multitrophic levels due to changes in plant quality. We suggest
that heterogeneous resource conditions induced by herbivory within and among plant individuals
increase the species diversity of arthropods.

Key-words: community structure, compensatory regrowth, herbivory, induced plant response,
species diversity

text, herbivore-induced changes in terrestrial plants can gen-
erate bottom—up trophic cascades from plants to higher

Introduction

Recently, several authors have argued that arthropod com-
munities on plants are structurally organized by plant-medi-
ated indirect effects (Denno, McClure & Ott 1995; Waltz &
Whitham 1997; Martinsen et al. 2000; Agrawal 2005; Denno
& Kaplan 2007; Ohgushi, Craig & Price 2007). In this con-
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trophic levels and can thus influence biodiversity within a
community (Ohgushi 2005).

There is increasing evidence that herbivory induces mor-
phological, phenological and chemical changes in a wide
variety of terrestrial plants (Karban & Baldwin 1997; Oh-
gushi 2005). Herbivore-induced modifications in plant
quality often have negative impacts on the survival and
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reproduction of insect herbivores because of decreased
nutrition and biomass, and/or increased chemical and
morphological resistance (Masters & Brown 1992; Inbar,
Eshel & Wool 1995; Denno et al. 2000; Tindall & Stout
2001; Wise & Weinberg 2002; Denno & Kaplan 2007). It
should be noted that herbivory also induces another type
of plant response that can compensate for damaged tissues
in many woody and herbaceous plants (Whitham ez al.
1991; Strauss & Agrawal 1999). The compensatory re-
growth response can have positive effects on abundance
and performance of herbivorous insects via increasing food
quality and/or quantity (Danell & Huss-Danell 1985;
Damman 1989; Strauss 1991; Martinsen, Driebe & Whi-
tham 1998; Nakamura, Miyamoto & Ohgushi 2003). There
are a growing number of studies reporting that damage-
induced plant responses can affect arthropod community
structure (Bailey & Whitham 2002; Van Zandt & Agrawal
2004; Rodriguez-Saona & Thaler 2005; Viswanathan,
Narwani & Thaler 2005; Nakamura, Kagata & Ohgushi
2006). For example, trunk cutting increased species rich-
ness and abundance of insect herbivores on willow trees by
sprouting regrowth shoots (Nakamura er al. 20006).
Increased resource quality and quantity, such as nutritional
status and shoot biomass, due to the induced regrowth
response are likely to facilitate herbivores (Price 1991;
Nakamura ez al. 2006).

Note that induced plant response can play another
important role in influencing species richness of herbivorous
insects through increased resource heterogeneity. Induced
plant responses commonly increase resource heterogeneity
within damaged plants (Orians & Jones 2001). Herbivory is
generally distributed locally and varies in intensity within
individual plants (Raupp & Denno 1983; Whitham, Wil-
liams & Robinson 1984; Barker, Wratten & Edwards 1995).
Subsequent changes in morphology, chemistry and growth
patterns in response to local herbivory may cause resource
quality to be more heterogenecous for herbivorous insects
within a plant (Hunter & Price 1992; Orians & Jones 2001).
Also, differences in damage intensity among conspecific
plants may cause heterogeneous conditions among plant
individuals because plant phenotypes often change depend-
ing on damage intensity (Karban & Baldwin 1997; Guillet
& Bergstrom 2006). Severe damage, such as overall defolia-
tion by herbivorous insect outbreaks and browsing by large
mammals, may provide a distinct type of resource for herbi-
vores compared with plants with a low level of herbivory.
On the other hand, severe damage may cause homogenous
resource conditions within plant individuals. For example,
when severe herbivory induces host plant regrowth, plant
tissues are mostly replaced with rapidly growing regrowth
tissues. Although several authors have suggested that
increased resource heterogeneity can increase species rich-
ness of herbivorous insects (Lawton 1983; Strong, Lawton
& Southwood 1984; Hunter & Price 1992), no studies have
addressed whether resource heterogeneity induced by her-
bivory can affect species richness and abundance of herbi-
vore communities.

Herbivore-induced plant responses also indirectly affect
predator abundance and/or predation pressure through bot-
tom—up trophic cascades (Masters, Jones & Rogers 2001;
Bailey & Whitham 2003; Nakamura et al. 2005, 2006). Sev-
eral authors have argued that increased abundance or species
richness at lower trophic levels may result in increased abun-
dance or species richness at higher trophic levels (Hunter &
Price 1992; Abrams 1995; Siemann 1998). Hence, the plant
regrowth response following herbivory may have a subse-
quent influence on abundance and species richness of preda-
ceous arthropods by altering both species composition and
abundance of prey herbivores.

Salicaceous woody plants enhance lateral shoot produc-
tion in response to damage by various herbivores, such as
mammals (Roininen, Price & Bryant 1997; Martinsen et al.
1998; Bailey & Whitham 2002), gall-makers (Craig, Price &
Itami 1986; Nakamura et al. 2003) and a stem-borer (Utsumi
& Ohgushi 2007, 2008). The induced regrowth response in sa-
licaceous trees can positively affect the abundance of herbiv-
orous insects (Martinsen et al. 1998; Nakamura et al. 2003).
Likewise, lateral shoot regrowth of willows in response to
damage by caterpillars of a stem-boring insect, Endoclita
excrescence (Butler; Lepidoptera: Hepialidae), increased den-
sity, body mass and egg production of a leaf beetle Plagiodera
versicolora (Laicharting) that feeds on the leaves of newly
emerged lateral shoots (Utsumi & Ohgushi 2008). Because
shoot regrowth following moth boring is likely to be a local
response within a tree rather than a systemic response (Uts-
umi & Ohgushi 2007), moth boring may increase within-tree
resource heterogeneity for herbivorous insects.

We hypothesized that herbivore-induced plant regrowth
alters the entire arthropod community structure on an indi-
vidual willow tree, depending on damage intensity. To test
this hypothesis, we address the following three questions: (i)
How does partial (moth boring and 25% artificial cutting)
and severe (100% artificial cutting) herbivory induce willow
regrowth and affect resource nutritional status? (ii)) How does
prior herbivory affect overall abundance, species richness
and composition of herbivorous insects on a whole tree? and
(iii) How does prior herbivory influence overall abundance,
species richness and composition of predaceous arthropods?
Finally, we discuss the importance of resource heterogeneity
induced by herbivory within and among individual plants.

Materials and methods

STUDY ORGANISMS

Three willow species, Salix gilgiana Seemen, Salix eriocarpa
Franch. et Savat. and Salix serissaefolia Kimura, occurred in a
floodplain along the Yasu River (35°N, 136°E) in Shiga Prefecture,
central Japan. Understorey vegetation was dominated by Solidago
altissima (Compositae) and Miscanthus sacchariflorus (Gramineae).
The entrances of tunnels bored by the caterpillars of the swift
moth, Endoclita excrescens, were observed in the three willow spe-
cies. The swift moth is a common hepialid moth in Japan, and its
caterpillars attack various herbaceous and woody plants (Enda
1971; Igarashi 1994). In general, willow stems of > 3 year old and
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> 2 cm in diameter are attacked between ¢. June and August, and
caterpillars make cylindrical tunnels with 1-5 cm in diameter. Cater-
pillars stay in the tunnels until pupation in September and adults
eclose about four weeks later, although some overwinter and
pupate the following September.

EXPERIMENTAL DESIGN

To examine whether induced plant responses to herbivory affect the
entire community structure of arthropods, we conducted a field
experiment in a common garden in the Center for Ecological
Research, Kyoto University, in Shiga prefecture, central Japan. In
mid-June 2003, we cut off 10 willow stems (1 cm x 50 cm) from eight
clones each for the willow species, S. gilgiana, S. eriocarpa and S.
serissaefolia, on the floodplain along the Yasu River (10-6 km north
of the common garden). These cuttings were individually trans-
planted into 10-L pots containing compost. The pots were placed in
the common garden with a daily water supply. In the spring of 2004,
we randomly selected four plants from each clone of the three willow
species, and the selected plants were randomly transplanted to the
common garden (680 m?) in 6 x 16 rows. The plants were watered
daily and were separated by 2 m both within each row and between
rows to prevent them from touching each other. In 2005, four plants
of each clone were assigned randomly to one of following four treat-
ments: (i) bored trees where one stem that grew in 2003 received inoc-
ulation of a swift moth caterpillar; (ii) 25% cut trees where a quarter
of the stems, which grew in 2003, was randomly cut; (iii) 100% cut
tree, in which all stems were cut; and (iv) control trees that did not
receive any treatment. We applied 25% cutting to simulate a willow
response to moth damage because the same level of regrowth is likely
to occur in response to natural damage (S. Utsumi, personal observa-
tion). A cutting of 100% simulates severe damage to salicaceous sap-
lings by several herbivores including large mammals (e.g. Guillet &
Bergstrom 2006) and/or aggregative macrolepidopteran caterpillars
(S. Utsumi, personal observation) in natural systems, although the
swift moth caterpillars are unlikely to cause such damage. In the field,
less than 5% of the willows have severe damage by insect herbivores
are exceptionally low level. As for the swift moth, boring was
observed in ¢. 20% of the stems (> 2 cm in diameter). On 9 June
2005, we collected 24 sections (20 cm in length) of Miscanthus saccha-
riflorus stems containing one swift moth caterpillar from the flood-
plain. The grass section was tightly bound to a stem of each tree for
the boring treatment, and we confirmed that the caterpillar had
emerged from the grass section and bored into the bound stems
within a few days. When we observed caterpillars boring into the
trees, we cut stems for trees of the 100% and 25% cutting treatments
on 12 June 2005. All trees were 90110 cm tall just before the boring
and cutting treatments. Experimental trees did not receive natural
moth borings during the experimental period. Both moth boring and
artificial cutting stimulated the production of rapidly growing lateral
shoots from the dormant buds in the damaged stems.

WILLOW REGROWTH INRESPONSE TO NATURAL AND
ARTIFICIALHERBIVORY

To determine whether boring and cutting treatments influenced lat-
eral shoot production, we counted numbers of newly emerged lateral
shoots and measured their shoot length in late July 2005. We calcu-
lated the mean number, length and overall length of the lateral
shoots. Also, to examine the effects of boring and cutting treatments
on plant growth, we measured tree height in late June 2006. Overall
above-ground biomass was measured in early November 2006. For
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biomass measurements, all above-ground plant tissues were har-
vested on 30 and 31 October and oven-dried at 60 °C for 72 h. Nor-
mality and equal variance were met, and thus the data were analysed
using an ANova to detect effects of boring and cutting treatments on
these plant traits, followed by a Tukey post hoc test.

To examine whether swift moth boring affected the host plant’s
nutritional status through shoot regrowth, we measured foliar nitro-
gen content. In particular, leaves on regrowth shoots often have sig-
nificantly greater nitrogen content (Martinsen ez al. 1998; Utsumi &
Ohgushi 2008). In late August 2005, we randomly selected three
newly emerged lateral shoots each from damaged stems and current-
year shoots from undamaged stems in both bored and 25% cut trees.
Also, six shoots were randomly selected for both 100% cut and
control trees. We defined a current-year shoot as a shoot that grew
from a l-year stem. We took the upper five leaves of each selected
shoot and oven-dried them at 60 °C for 48 h. After the dried leaves
were ground, nitrogen content was determined using an elemental
analyser (JM 1000CN; J-Science, Kyoto, Japan). We calculated
foliar nitrogen content of each shoot and the mean foliar nitrogen
content for each tree. To estimate within-tree spatial variability of
nitrogen content, we calculated the coefficient of variation (CV). The
data of mean nitrogen content were square-arcsine-transformed,
while CV were not transformed. We used an anova to detect effects of
treatments, followed by a Tukey post hoc test. Each individual tree
was a replicate.

ARTHROPOD COMMUNITIES INRESPONSE TOWILLOW
REGROWTH

After the regrowth shoots emerged in boring and cutting treatments
in July 2005, we monitored arthropod abundance and species rich-
ness four times: in August and September 2005 and May and July in
2006. During the censuses, we recorded the number of species and
abundance of each of the species present on each tree. We sorted all
arthropods by species using field guides (Ito, Okutani & Hiura 1977;
Inoue ef al. 1982; Kawai 1982; Hayashi, Morimoto & Kimoto 1984;
Kurosawa, Hisamatsu & Sasaji 1985; Ueno, Kurosawa & Sato 1985;
Morimoto & Hayashi 1986). To determine the effects of the regrowth
response on herbivores and predators separately, we analysed data of
herbivorous and predaceous arthropods, respectively. To prevent
common species from swamping the abundance of less common spe-
cies, we calculated relative abundance of herbivorous and predaceous
arthropods as follows. We calculated the mean number of each spe-
cies throughout the season. Afterwards, the relative abundance value
of each species was expressed by log (n + 1)-transformed number
per plant, which was then standardized so that the number of each
taxon had an SD of 1 and a mean of 0-5, to equally weight all species
(Whitham, Morrow & Potts 1994). The standardized values were
then summed to calculate relative abundance per tree for herbivorous
insects and predaceous arthropods, respectively. Also, all census data
throughout the season for species richness were combined for each
experimental tree. Because normality and equal variance were met,
the data were analysed using a linear regression to examine the rela-
tionship between CV of foliar nitrogen and relative abundance/spe-
cies richness. An aNnova was also used to detect effects of treatments,
followed by a Dunnett test as a post hoc. Each individual tree was
treated as a replicate.

To determine whether there were differences in herbivore and
predator community composition among treatments, we conducted
an analysis of similarity (anosmm) using Bray—Curtis dissimilarity
coefficient (Faith, Minchin & Belbin 1987; Bailey & Whitham 2002).
The significance of the results was determined using Monte Carlo
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permutations (1000) and reported as the anosim R-statistics, which
varies between 0 and 1; 0 indicates complete randomness, and 1 indi-
cates that all replicates within a treatment are more similar to one
another than any replicates from other treatments. Furthermore,
Canonical Correspondence Analysis (CCA; ter Braak 1986) was per-
formed to visually summarize differences in arthropod composition.
Our treatments were entered as an environmental factor and the sig-
nificance of the results was determined using Monte Carlo permuta-
tions (1000). The representative point for a class of a nominal
environmental factor is located at the centroid (weighted average) of
the experimental trees belonging to that class (ter Braak 1986). With
abundance data, CCA was the successful ordination method with the
long gradient (> 3 SD units; Van Wijngaarden et al. 1995; Hirst &
Jackson 2007). In our case, gradient lengths of axes were > 3:0 (SD
units). In each willow species, anosiv and CCA were performed for
herbivore and predator communities, based on the log (n + 1)-trans-
formed number of individuals of each species. Arthropod species
with a low occurrence (those that emerged on six trees or fewer for
each willow species) were removed from the data set prior to analy-
ses. We used R software (R Development Core Team 2008) and the
Vegan package (Oksanen e al. 2008).

Results
WILLOW REGROWTHIN RESPONSE TO NATURAL AND
ARTIFICIALHERBIVORY

Moth boring and cutting induced sprouting of new lateral
shoots in contrast to control trees, where no lateral shoots

emerged. One month after the treatments were applied, the
number and overall length of lateral shoots per tree differed
significantly among bored, 25% cut and 100% cut trees,
although no significant difference in the mean length of lat-
eral shoots was found (Table 1). In each willow species, the
number of lateral shoots on 100% cut trees was 4-2—12 times
greater than that of bored and 25% cut trees (Tukey test:
P < 0-05; Table 1), but we found no significant difference
between bored and 25% cut trees. Similarly, in each willow
species, the overall length of lateral shoots of 100% cut trees
was 4-4-10-5 times longer than bored and 25% cut trees
(P < 0:05), although no significant difference was found
between bored and 25% cut trees. Note that all shoots in
100% cut trees were regrowth shoots.

Tree height did not significantly differ among bored, 25%
cut, 100% cut and control trees in S. eriocarpa and S. seris-
saefolia, except for S. gilgiana. In S. gilgiana, bored trees were
significantly taller than 100% cut trees. Also, a significant dif-
ference in above-ground biomass was not detected among
treatments in any of the willow species. Thus, shoot regrowth
of willows compensated for biomass loss by boring and cut-
ting (Table 1).

The CV and means of nitrogen content of upper leaves
within individual trees changed due to shoot regrowth in
response to boring and cutting treatments, except for mean
nitrogen content in S. serissaefolia (Table 1). Within-tree
mean nitrogen contents of upper leaves were the smallest in

Table 1. Plant characteristics of the experimental trees of three willow species. Means (SE) are presented. Different letters show significant

difference (Tukey test, P < 0-05)

Plant characteristics Bored 25% cut 100% cut Control F P
No. of newly emerged lateral shoots
Salix gilgiana 2:63 (0-78)" 3:13(0:67)* 32:13(575)° 0-00° 2542 < 0001
Salix eriocarpa 1-63 (0-42)* 4-86 (0-94)* 2063 (4. 58)° 0-00° 22:09 < 0001
Salix serissaefolia 322 (1-63)* 529 (2:29)* 2414 (3:74)° 0-00° 2317 < 0001
Lateral shoot length (cm)
S. gilgiana 10-05 (3-14) 675(2:23) 651 (1-50) - 0-69 0-514
S. eriocarpa 12:63(5:02) 739 (2:21) 7-68 (2-89) - 0-65 0-534
S. serissaefolia 9-32(4-02) 426 (1-54) 5-15(1-72) - 0-18 0-83
Overall length of lateral shoots (cm)
S. gilgiana 3394 (1521)* 22-38 (6:71)* 23501 (54-33)° - 1328 < 0001
S. eriocarpa 32:24(19. 15)* 3197 (7-74)* 163-83 (50-81)° - 540 0-013
S. serissaefolia 2880 (14-75)* 2034 (7-10)* 126:03 (42:95)° - 508 0-017
Height (cm)
S. gilgiana 19425 (7-40)* 185-81 (8:63)*° 153-50 (13-44)° 184:69 (8.54)"° 334 0-033
S. eriocarpa 171-11 (10:67) 172:50 (10-34) 144-00 (11-68) 18571 (12:08) 2-39 0-206
S. serissaefolia 172:67 (23:63) 19179 (14-67) 131-86 (17-83) 162-00 (12-53) 2:19 0-116
Above-ground biomass (g)
S. gilgiana 624-86 (67-30) 52521(102-17) 333-39 (54-26) 55556 (80-71) 2:53 0-077
S. eriocarpa 482-28 (83-76) 52301 (96:84) 29301 (50-11) 472-60 (63-64) 1-62 0-205
S. serissaefolia 370-22(57-18) 405-15(73-81) 293-19 (84-89) 343:61 (63-74) 0-42 0739
Mean nitrogen content (% dry weight)
S. gilgiana 2-55(0-16) 2:35(0:05) 2-81(0-11)* 2:11(0-05)° 807 < 0001
S. eriocarpa 2-17(0-08) 2-11 (0-06) 2:36 (0-10)* 1-81 (0:05)° 928 < 0001
S. serissaefolia 2:05(0-08) 2:14(0-13) 2:22(0-09) 2:01(0-15) 0-57 0-636
Coefficient of variation of nitrogen content
S. gilgiana 13:60 (1-76)" 1161 (1-76)*° 424 (0-67)¢ 675 (0-99)> 9-62 < 0001
S. eriocarpa 11-69 (1-34)*° 12:09 (1:63)* 470 (1-43)€ 614 (1:51)*° 650 0001
S. serissaefolia 9-84 (2:12)* 822 (1-36) 2:27 (0-34)¢ 3-37(0-82)> 7-58 0-001
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control trees among treatments and were the highest in 100%
cut trees. On the other hand, CV of foliar nitrogen were
smallest in 100% cut trees and were highest in bored and
25% cut trees.

ARTHROPOD COMMUNITIES INRESPONSE TO WILLOW
REGROWTH

We identified 106 taxa in 46 families of 8 orders of arthropods
on the experimental willow trees (Appendix S1). In each
willow species, herbivore relative abundance and species
richness significantly increased with the CV of foliar nitrogen
(abundance: S. gilgiana, > =031, P < 0:0001; S. eriocarpa, r* =
042, P < 0-0001; S. serissaefolia, = 042, P < 0:0001;
richness: S. gilgiana, ¥ = 040, P < 0-0001; S. eriocarpa, 2=
036, P < 0-0001; S. serissaefolia, = 037, P < 0:0001;
Fig. 1). However, no significant relationships between these
community properties and mean nitrogen contents were
found (P > 0-05; Fig. 1). We found significant differences in
species richness of herbivorous insects among treatments
(S. gilgiana, F5,3 = 846, P < 0-001; S. eriocarpa, F5,5 =
3:53, P = 0027; S. serissaefolia, Fs,3 = 372, P = 0-023;
Fig. 2). Moth boring and 25% cutting significantly increased
herbivorous species richness by 1-3—1-6 times greater than the
controls (Dunnett test: P < 0-05). However, species richness
did not differ between 100% cut and control trees. There was
a marginally significant difference in species richness of
predaceous arthropods among treatments in S. gilgiana

[ S. gilgiana

Species richness

10 rog

0 5 10 15 20 25 30
CV of foliar nitrogen content

O S. eriocarpa
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(F528 = 295, P = 0:050), and there was no significant
difference for S. eriocarpa (Fs,3 = 144, P = 0-253) or
S. serissaefolia (F5 3 = 1-73, P = 0-183; Fig. 2). We found
significant differences in relative abundance of herbivorous
insects among treatments (S. gilgiana, F;,3 = 597,
P = 0-003; S. eriocarpa, F5os = 471, P = 0-009; S. seris-
saefolia, F5,3 = 406, P = 0-:017; Fig. 2). Relative abun-
dance of herbivorous insects in bored and 25% cut trees was
1-4-1-7 times greater than in controls in all three willow spe-
cies (Dunnett test, P < 0-05), but no significant difference
was found between 100% cut and control trees. Although a
significant effect of herbivory treatments on relative abun-
dance of predaceous arthropods was detected in S. gilgiana
(S. gilgiana, Fs>g = 458, P = 0010; S. eriocarpa,
Fs5.8 = 0584, P = 0630; S. serissaefolia, F;,3 = 146,
P = 0-249), moth boring and 25% and 100% cut treatments
did not significantly alter predator abundance compared with
the control trees (Dunnett test, P > 0-05; Fig. 2).

anosiv and CCA ordination indicated that the moth boring
and artificial cutting treatments altered community composi-
tion of herbivorous species (Table 2 and Fig. 3). The anosim
indicated that herbivore communities were separated into
three groups. In S. gilgiana and S. eriocarpa, herbivore com-
munity composition of moth boring and 25% cut, 100% cut
and control trees differed significantly from each other
(Table 2). In S. serissaefolia, herbivore communities of moth
boring and 25% cut trees differed significantly from control
trees, but those of the 100% cut trees did not differ
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Fig. 1. Effects of mean and variation of foliar nitrogen content on relative abundance and species richness of herbivores on an individual tree sig-
nificantly increased with coefficient of variations of foliar nitrogen content in each willow species (abundance: Salix gilgiana,y = 0-80x +19-14;
Salix eriocarpa, y = 1-14x + 16:60; Salix serissaefolia, y = 1:35x + 15:67; richness: S. gilgiana, y = 0-31x + 7-89; S. eriocarpa, y =0-38x
+ 7-26; S. serissaefolia, y = 0-44x + 6:98), but not with mean foliar nitrogen content. Each symbol represents a single experimental tree.
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Fig. 2. Effects of herbivory treatments on species richness and relative abundance of herbivorous insects and predaceous arthropods on a willow
tree. Relative abundance is overall abundance values calculated by making all species equally weighted (see Methods). Means and SE are
presented. Asterisk shows significant difference from controls in each willow species (Dunnett test: P < 0-05). S. gil, Salix gilgiana; S. eri, Salix
eriocarpa; S. ser, Salix serissaefolia.

Table 2. Results of anosmv for the similarity between four groups of arthropod communities associated with bored, 25% cut, 100% cut and
control trees. R is a statistic value indicating how far groups are separated from each other, ranging from 0 (indistinguishable) to 1 (all
similarities within groups are less than any similarity between groups). Significant values (P < 0-05) are indicated by bold letters

Bored 25% cut 100% cut Global
Species Treatment R P R P R P R P
Herbivore community
Salix gilgiana 25% cut -0-078 0-794
100% cut 0149 0-045 0-195 0-020 0-285 < 0001
Control 0359 0-003 0294 0-008 0725 0-001
Salix eriocarpa 25% cut -0-072 0-813
100% cut 0-179 0-048 0-423 0-002 0-230 0-001
Control 0-181 0-029 0214 0-008 0-488 0-002
Salix serissaefolia 25% cut 0-114 0-116
100% cut 0452 0-001 0-163 0-046 0-264 < 0001
Control 0-497 0-001 0-388 0-002 0-011 0-384
Predator community
S. gilgiana 25% cut 0-063 0-138
100% cut 0-044 0-177 0-002 0-418 0-091 0014
Control 0-256 0-011 0-182 0017 0-044 0-246
S. eriocarpa 25% cut —-0-038 0-684
100% cut 0-342 0-002 0-287 0-004 0-163 0-020
Control 0137 0-049 0137 0-037 0-091 0-158
S. serissaefolia 25% cut 0-094 0-160
100% cut -0-027 0-556 0-000 0-443 0-057 0-181
Control 0-051 0-312 0-147 0-081 —0-022 0-522
ANosIM, analysis of similarity.
significantly from the controls. Likewise, CCA indicated that cut trees were placed between those of 100% cut and control
herbivore species composition was related to herbivory treat- trees except for S. serissaefolia. Similarly, predator commu-

ments (P < 0-001; Fig. 3). The centroids of bored and 25% nity composition significantly differed among treatments
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Fig. 3. Canonical Correspondence Analysis ordination plot, first two axes, for herbivore species on the left panel and for predator species on the
right panel. The data set with individual numbers of each species was analysed. X represents a centroid for each treatment and each symbol repre-

sents the community on a single experimental tree.

except for S. serissaefolia (Table 2), and this was also sup-
ported by CCA (P < 0-05; Fig. 3). In anosivm, we detected sig-
nificant differences between regrowth trees (moth boring,
25% cut and 100% cut trees) and controls in S. gilgiana. In S.
eriocarpa, moth boring and 25% cut trees differed signifi-
cantly from the controls, but those of the 100% cut trees did
not differ significantly from the controls.

Discussion

This study clearly illustrated that moth boring and artificial
herbivory had a significant, indirect impact on community
structure of herbivorous and predaceous arthropods of the

three willow species. Our field experiment revealed that these
effects were due to changes in plant quality but not plant bio-
mass. It should be noted that community responses were dif-
ferent between bored/25% cut trees and 100% cut trees,
despite that these herbivory treatments induced shoot re-
growth of the willows.

WILLOW REGROWTH INRESPONSE TO NATURAL AND
ARTIFICIALHERBIVORY

Previous studies have demonstrated that natural herbivory
and stem cutting can stimulate production of rapidly growing
shoots in willows (Craig et al. 1986; Hjiltén & Price 1996;
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Nakamura et al. 2003, 2006; Guillet & Bergstrom 2006; Uts-
umi & Ohgushi 2007). In our experiment, willows produced
newly emerged lateral shoots in response to moth boring,
25% cutting and 100% cutting. As a result, willows fully
compensated for the biomass loss due to these herbivory
treatments (Table 1). Moth boring and 25% cutting had simi-
lar effects on the intensity of shoot regrowth in terms of the
number and overall length of newly emerged lateral shoots. It
is widely accepted that altering the sink—source relationship
in response to herbivory, which regulates the flow of assimi-
lates, results in lateral shoot production (Whitham ez al.
1991).

Regrowth shoots in response to boring and cutting pro-
duced leaves with greater nitrogen content relative to cur-
rent-year shoots (Nakamura et al. 2006; Utsumi & Ohgushi
2008). Likewise, several studies have reported that compen-
satory regrowth of woody plants improves the nutritional
status of leaf and shoot (Danell & Huss-Danell 1985; Martin-
sen et al. 1998; Nakamura et al. 2003). As a result, in 100%
cut trees, mean nitrogen content generally increased, but
within-tree variation decreased because all above-ground
growth consisted of regrowth shoots. On the other hand,
bored and 25% cut trees had intermediate nitrogen content
and showed the greatest within-tree variation in nutritional
status because regrowth shoots and current-year shoots were
mixed. As most vascular plants have a modular and sectorial
architecture, plant responses to local herbivory are often
localized in partially independent plant parts (Watson & Cas-
per 1984; Orians & Jones 2001; Orians, Ardon & Moham-
mad 2002). In the regrowth response of salicaceous trees,
foliar nutritious status is often positively correlated with the
concentration of secondary metabolites such as phenolics
(Bryant et al. 1991; Martinsen et al. 1998). Thus, the presence
of moth herbivory or differences in damage intensity would
increase phenotypic variation of plants within and among
individual trees. Also, note that the lateral shoot regrowth
varied among willow species. In S. serissaefolia, trait changes
in response to moth boring were significant but small in com-
parison with S. gilgiana and S. eriocarpa (Utsumi & Ohgushi
2008). As a result, the increase in within-tree means of nitro-
gen content would be cancelled out by among-tree variation,
even if within-tree variation would differ significantly among
treatments.

EFFECTS OF SHOOT REGROWTH ONHERBIVORE
COMMUNITY

Several authors have argued that species richness and overall
abundance of herbivorous insects increase with increasing
resource quantity and quality (Mattson 1980; Price 1991; Sie-
mann 1998; Srivastava & Lawton 1998; Nakamura er al.
2006). Because biomass and quality of food resources often
increase on regrowth shoots, more herbivore species can col-
onize there (Nakamura ez al. 2006). In most cases, however,
it is difficult to determine whether quantity or quality is
responsible for the increase in species richness and abun-
dance of herbivores because both biomass and quality of

plant tissues often change correlatively. We emphasized that
community-level effects were due to induced changes in plant
quality but not to changes in plant biomass in our experi-
ment. Thus, differences in plant quality among plant individ-
uals depending on the intensity of herbivory are more likely
to determine species richness and overall abundance of herbi-
vore communities. However, it remains unclear which com-
ponents of changed plant quality involved in regrowth
response, such as primary and secondary metabolites, physi-
cal status and/or architectural complexity, were responsible
for the patterns of community structure.

Mean foliar nitrogen content did not explain changes in
overall abundance of herbivorous insects. On the other
hand, the positive correlation between overall abundance
and CV of nitrogen content may be explained by changes
in other plant traits in addition to foliar nitrogen and spe-
cies-specific preference of insects. For example, leaves pro-
duced by shoot regrowth often contain more phenolics as
well as rich nitrogen (Bryant et a/. 1991; Martinsen et al.
1998). Phenolic compounds often deter herbivores, while
specialist herbivorous insects often adapt to use such com-
pounds as feeding stimulants (Kolehmainen et al. 1995;
Ikonen 2002). Herbivorous insects often show species-spe-
cific preference for morphologically and chemically distinct
resources within and among individual plants (Whitham
et al. 1984; Suomela 1996; Martinsen et al. 1998) and spe-
cific response to induced plant responses (Van Zandt &
Agrawal 2004; Agrawal 2005; Viswanathan et al. 2005).
For example, in our study, the specialist willow leaf beetle
P. versicolora and the specialist aphid Chaitophorous salini-
ger preferentially colonize on rapidly regrowing shoots
within plant individuals (Nakamura et al. 2003; Utsumi &
Ohgushi 2008). In contrast, generalist herbivores often for-
age more preferentially on mature leaves of current-year
shoots on willows (Cates 1980). Our previous study found
that specialist chewers, specialist sap-feeders and leaf miners
increased on the regrowth shoots, although generalist chew-
ers and sap-feeders did not increase (S. Utsumi & T. Oh-
gushi, unpublished data). Thus, partial regrowth response
within individual plants would increase the overall abun-
dance of herbivores due to increase in the abundance of
species that prefer regrowth shoots. On the other hand,
whole tree regrowth in response to severe herbivory would
increase the abundance of some herbivores but would deter
other herbivores, resulting in no change in overall abun-
dance.

Likewise, the increase in species richness on bored and
25% cut trees and the positive correlation with CV of nitro-
gen content could also be explained by the species-specific
response of herbivores to shoot regrowth. The total number
of herbivore species increased throughout the survey by 27%
on bored and 25% cut trees relative to the control trees. Some
herbivore species, such as the leaf beetle Chrysomela populi,
the spittlebug Aphrophora pectoralis and the leaf miner Phyl-
locnistis sp. were observed only on regrowth shoots. In con-
trast, the total number of herbivore species decreased by
13% on 100% cut trees relative to the controls. For example,
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several generalist species, such as the click beetle Agrypnus bi-
nodulus, the lygaeid bug Drymus marginatus and the bean
bug Riptortus clavatus were never observed on 100% cut
trees. Induced changes in plant quality can affect not only
abundance but also species richness of herbivore communi-
ties due to the species-specific response of herbivores (Van
Zandt & Agrawal 2004).

CCA and anosiM results strongly supported our interpre-
tation on herbivore community response. Compositional
structures on individual trees were separated into three
groups: (i) bored and 25% cut trees; (ii) 100% cut trees; and
(iii) control trees. The centroids of communities on bored
and 25% cut trees were located between those of 100% cut
and control trees in the ordination plots, except for S. seris-
saefolia. These results suggest that herbivore species that
prefer either 100% cut or control trees would assemble
together on individual plants in which regrowth and non-re-
growth shoots were mixed. This is consistent with the results
obtained by Bailey & Whitham (2002). Fire of intermediate
severity and moderate levels of elk browsing resulted in the
greatest increase in species richness and abundance of
arthropod communities. In contrast, high-severity fire and
severe browsing reduced species richness and abundance.
Also, the interaction of fire intensity and elk browsing
resulted in distinct arthropod composition. Similarly, Hun-
ter (1992) illustrated that abundances of leaf miners, leaf
chewers and sap feeders in late season on Quercus robur
were affected by early season defoliation in a different way.
This is because of different performance and preference of
three herbivore guilds to regrowth leaves, and he suggested
that the guild-specific responses to different levels of early
defoliation would result in different patterns of late-season
community structure. Thus, heterogeneous conditions in
which individual trees have both regrowth and non-
regrowth shoots within willow individuals may increase
species diversity of herbivores on plants. Moreover, compo-
sitional differences among treatments suggest that hetero-
geneous conditions among plant individuals with different
levels of herbivory increases species diversity of herbivores
at the plant population level by increasing the phenotypic
diversity of host plants.

There has been a great deal of recent research on the effects
of plant genotype and plant genetic diversity on arthropod
communities (Whitham ez al. 2006; Hughes et al. 2008; for
reviews). These community genetics studies indicate that phe-
notypic diversity caused by multiple plant genotypes
increases species diversity of arthropods on plants. However,
much less is known about the community-level effects of phe-
notypic plasticity including induced plant responses (but see
Van Zandt & Agrawal 2004; Rodriguez-Saona & Thaler
2005). Our study emphasizes that intraspecific variation due
to herbivore-induced differences within and among plant
individuals can have significant effects on arthropod commu-
nities (Ohgushi 2005) as well as plant genetics. Future studies
should examine how plant genotypes and induced plant
responses interact to cause community-level effects on
arthropods (McGuire & Johnson 2006).
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EFFECTS OF SHOOT REGROWTH ON PREDATOR
COMMUNITY

The increase in species richness and abundance at lower tro-
phic levels could enhance species richness and abundance at
higher trophic levels because of increases in prey abundance,
alternative prey species and prey species available to special-
ist predators (Hassell 1978; Hunter & Price 1992; Abrams
1995; Siemann 1998; Cardinale et al. 2006). The regrowth
response can increase abundance and species richness of
arthropod predators by increasing species richness and abun-
dance of insect herbivores (Nakamura et al. 2006). In this
study, although species richness and overall abundance of
predators were unaffected by herbivory treatments, commu-
nity composition of predators differed significantly among
treatments. This change in community composition was
likely responsible for changes in densities of ant and spider
species. In S. gilgiana, ant density increased by 6- to 9-fold on
regrowth plants, which may be caused by increased abun-
dance of prey herbivores or honeydew production by 2-8- to
6-fold increase in densities of specialist sap-feeders such as
the aphids C. saliniger and Pterocomma pilosum (e.g. John-
son 2008). On the other hand, plant architectural complexity
may encourage aggregation of spiders, because of increase in
refuges, web attachment points for web-spiders or habitats
with favourable microclimates (McNett & Rypstra 2000;
Langellotto & Denno 2004). Species richness and abundance
of spiders can increase due to increase in complexity of shoot
structure, expressed by foliage density and lateral branching
(Halaj, Ross & Moldenke 2000; de Souza & Martins 2005).
We observed that spider density increased 2-3-fold and spe-
cies richness of webless spiders (Salticidae, Thomisidae, Oxy-
opidae and Clubionidae) increased 1-4-fold on bored and
25% cut trees relative to the control trees in S. eriocarpa.
These spiders often emerged preferentially on the lateral
shoots (S. Utsumi & T. Ohgushi, unpublished data). In addi-
tion, abundance and species richness of orb-weavers (Aranei-
dae and Nephilidae) were unaffected. This is probably
because lateral shoot production may not contribute to
increase in web attachment points for orb-weavers.

These predators often prevent increases in species richness
and abundance of other predators (Polis & Holt 1992; Wimp
& Whitham 2001; Johnson 2008). For example, Wimp &
Whitham (2001) demonstrated that aphid-attending ants
decreased species richness of spiders on aspens through
removal effects. Also, intraguild predation often occurs
between webless spiders and other predaceous arthropods
(Finke & Denno 2003; Denno et al. 2004). Thus, predator
effects, in addition to bottom—up effects, may result in com-
positional changes in predator communities (Johnson 2008).
We should pay more attention to ecological consequences of
induced plant responses of third trophic communities.

Several authors have argued that an individual tree is a
mosaic of heterogeneous resources rather than an island of
uniform quality (Whitham et al. 1984; Orians & Jones 2001;
Roslin et al. 2006). Herbivores are some of the most impor-
tant agents to induce changes in plant traits, and they subse-
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quently create a mosaic of heterogeneous resources within
and among plant individuals (Orians & Jones 2001; Viswana-
than & Thaler 2004; Rodriguez-Saona & Thaler 2005; Viswa-
nathan, McNickle & Thaler 2008). This study clearly
illustrated that changes in resource quality induced by her-
bivory can affect the local diversity of arthropod communi-
ties. In particular, induced resource heterogeneity may be
important in determining community structure. Further evi-
dence on the role of induced resource heterogeneity in struc-
turing arthropod communities is needed to understand
community consequences of herbivore-induced responses in
terrestrial plants. Future studies should pay more attention
to the nature of plant-mediated indirect interactions that can
promote diversity of arthropod communities.
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